
Tests of the Electroweak Theory

• History/introduction

• Weak charged current

• QED

• Weak neutral current

• Precision tests

• Rare processes

• CP violation and B decays

• Neutrino mass
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Weak-Electromagnetic Interference

• Low energy: Z exchange much smaller than Coulomb, but observe
V − A (parity-violating) and A − A (parity conserving) effects

• High energy: γ and Z may be comparable (propagator effects)

• Observables

– Polarization (charge) asymmetries in eD→eX (SLAC),
µC→µX (CERN); e−e− Møller (SLAC); low energy elastic
or quasi-elastic (Mainz, Bates, CEBAF)

– Atomic parity violation in Cs (Boulder, Paris) and other atoms

– Cross sections and FB asymmetries in e+e−→`¯̀, qq̄, bb̄ (SPEAR,
PEP, DORIS, TRISTAN, LEP II)

– FB asymmetries in p̄p→e+e− (CDF, D0)
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• Parity-violating e-hadron

Leq =
GF√

2

∑
i

[
C1i ē γµ γ5 e q̄i γµ qi + C2i ē γµ e q̄i γµ γ5 qi

]
• Standard model (leading: ρ ∼ 1 + ρt, κ ∼ 1, λ ∼ 0)

C1u ∼ −
1

2
+

4

3
sin2 θW → ρ′

eq
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−
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+

4

3
κ̂′

eq ŝ2
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+ λ1u
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+ λ1d

C2u ∼ −
1

2
+ 2 sin2 θW → ρeq

(
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2
+ 2κ̂eq ŝ2

Z

)
+ λ2u

C2d ∼
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2
− 2 sin2 θW → ρeq

(
1

2
− 2κ̂eq ŝ2

Z

)
+ λ2d
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• Atomic parity violation

– Axial e−, vector nucleon currents lead to potential

V (~re) ∼
GF

4
√

2
QW δ3(~re)

~σe · ~ve

c
+ HC

– Weak charge

QW = −2 [C1u (2Z + N) + C1d(Z + 2N)]

≈ Z(1 − 4 sin2 θW ) − N

– Measure in 6S − 7S transition (S − P wave mixing)

– Cs is very simple atom; radiative corrections now under control
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• SLAC E158 Polarized
Møller Asymmetry

– e−e− asymmetry,
P ∼ 90%

– sin2 θeff
W (Q) =

0.2397 ± 0.0013
at Q2 = 0.026
GeV2

• Future QW EAK

(CEBAF): polarized
ep, ∆s2 ∼ 0.0006
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32 10. Electroweak model and constraints on new physics

Table 10.7: Values of the model-independent neutral-current
parameters, compared with the SM predictions. There is a
second gνe

V,A solution, given approximately by gνe
V ↔ gνe

A , which

is eliminated by e+e− data under the assumption that the
neutral current is dominated by the exchange of a single Z. The
εL, as well as the εR, are strongly correlated and non-Gaussian,
so that for implementations we recommend the parametrization
using g2

i and θi = tan−1[εi(u)/εi(d)], i = L or R. In the SM
predictions, the uncertainty is from MZ , MH , mt, mb, mc,
α̂(MZ), and αs.

Experimental
Quantity Value SM Correlation

εL(u) 0.326 ±0.013 0.3459(1)

εL(d) −0.441 ±0.010 −0.4291(1) non-

εR(u) −0.175 +0.013
−0.004 −0.1550(1) Gaussian

εR(d) −0.022 +0.072
−0.047 0.0776

g2
L 0.3005±0.0012 0.3038(2) −0.11 −0.21 −0.01

g2
R 0.0311±0.0010 0.0301 −0.02 −0.03

θL 2.51 ±0.033 2.4631(1) 0.26

θR 4.59 +0.41
−0.28 5.1765

gνe
V −0.040 ±0.015 −0.0396(3) −0.05

gνe
A −0.507 ±0.014 −0.5064(1)

C1u + C1d 0.147 ±0.004 0.1529(1) 0.95 −0.75 −0.10

C1u − C1d −0.604 ±0.066 −0.5297(4) −0.79 −0.10

C2u + C2d 0.72 ±0.89 −0.0095 −0.11

C2u − C2d −0.071 ±0.044 −0.0621(6)

asymmetries imply [121] 4(ge
A)2 = 0.99± 0.05, in good agreement with

the SM prediction # 1.

The results presented here are generally in reasonable agreement
with the ones obtained by the LEP Electroweak Working Group [45].
We obtain higher best fit values for αs and a higher and slightly more
precise MH . We trace most of the differences to be due to (i) the
inclusion of recent higher order radiative corrections, in particular,
the leading O(α4

s) contribution to hadronic Z decays [190]; (ii) a
different evaluation of α(MZ) [16]; (iii) slightly different data sets;
and (iv) scheme dependences. Taking into account these differences,
the agreement is excellent.

October 26, 2005 12:11
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• e+e−→`+`−, ` = µ or τ (t-channel for Bhabha, e+e−→e+e− )

– Rate: R = rate relative to pure QED

– Forward-backward asymmetry: AF B ≡ σF −σB
σF +σB

R = F1 AF B = 3F2/4F1

where

F1 = 1 − 2χ0 ge
V g`

V cos δR + χ2
0

(
ge2

V + ge2
A

) (
g`2

V + g`2
A

)
F2 = −2χ0 ge

A g`
A cos δR + 4χ2

0 ge
A g`

A ge
V g`

V

with

χ0 =
GF

2
√

2πα

sM2
Z

[(M2
Z − s)2 + M2

ZΓ2
Z]1/2 tan δR =

MZΓZ

M2
Z − s

– SM: g`
A = −1

2 g`
V = −1

2 + 2 sin2 θW
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e+e- → µ+µ-
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The Weak Interactions of the b

• e+e−→b b̄ (full strength interaction)

– Jade (DESY, 1988): Ab
F B(35 GeV) → tb

3L − tb
3R = −0.54 ± 0.15

– LEP (1992): Γb/Γhad and Ab
F B(MZ); LEP + SLC (2005)

0.07

0.08

0.09

0.1

0.11

0.12

-0.46 -0.45 -0.44 -0.43 -0.42 -0.41
gLb

g Rb

68.3  95.5  99.5  % CL

SM

• CLEO (1987): absence of FCNC B→l+l−X (but reduced strength)

• ARGUS (1987), CLEO: B0 − B̄0 oscillations → mt > 50 GeV

• Hence, b in left-handed doublet → t quark must exist (1988) (more

general than anomaly cancellation)
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background contribution. Only statistical uncertainties
have been included for the calculation of the !2 compari-
sons. The uncorrected invariant-mass distribution from the
data is compared to the signal and background predictions
in Fig. 21. Since the energy scale and resolution in the
simulation has been tuned to the data at the Z peak
(Sec. III E), the comparison of the Mee lineshape gives a
slightly better than expected !2=DOF ! 26:7=35. The
comparison is also made for the cos"" distribution
(Fig. 22) in three mass regions where AFB is at extremes;
40<Mee < 75 GeV=c2 where AFB is large and negative
(giving a !2=DOF ! 9:9=9), 75<Mee < 105 GeV=c2

where AFB is small (giving !2=DOF ! 44:8=39), and
Mee > 105 GeV=c2 where AFB is large and positive (giv-
ing !2=DOF ! 7:8=9). Finally, the comparison of Araw

FB in
15 Mee bins (Table XI) with the standard model simulation
gives a !2=DOF ! 15:7=15. The data shows excellent
agreement with the standard model in all of these distribu-
tions. The objective of the following sections will be to
obtain the corrected Aphys

FB and Z couplings that can be used
without the CDF simulation.

B. The standard model prediction

Currently, there are a number of programs that generate
Drell-Yan events produced in hadron collisions. PYTHIA

generates events using leading-order (LO) cross sections
and incorporates initial-state QCD radiation and initial-
and final-state QED radiation via parton-shower algo-
rithms. HERWIG uses LO cross sections with initial-state
QCD radiation via parton-shower algorithms. ZGRAD
[36] includes full O##$ electroweak corrections but no
QCD corrections, resulting in pZ=$"

T ’ 0. The gluon resum-
mation program VBP [37,38], which does the gluon re-
summation in the qt space at low pZ=$"

T and reduces to
NLO QCD at high pZ=$"

T , does not include any electroweak
corrections. Unfortunately, there is no one program that
includes both O##$ electroweak and NLO QCD correc-
tions. A calculation that includes O##$ electroweak and
some QCD corrections can be obtained by running
ZGRAD with the parton showering code in PYTHIA. Six
Monte Carlo programs are used to constrain the possible
values for the AFB measurement. They are PYTHIA, VBP,
ZGRAD, ZGRAD % PYTHIA, and PYTHIAwith no QCD
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FIG. 23. Each of six theoretical calculations compared to the
center and width of the theoretical band. The variation from
different theoretical calculations is expressed as the width of the
band which is determined by the highest and lowest values of
AFB, including the uncertainties, in each mass bin.
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FIG. 24 (color online). Experimental results for AFB with
statistical and systematic uncertainties (crosses), and theoretical
predictions based on six independent calculations as described in
Sec. VII B (bands). The experimental results for AFB are mea-
sured by fitting to Araw

FB with Tikhonov regularization
(Sec. VII C). The agreement near the Z pole is also shown
with more detail.
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Precision Tests

• The W and Z Masses and Decays

• The Z pole

• LEP II

• Global fits

• Beyond the standard model
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The W and Z Masses and Decays

• On-shell scheme, s2
W ≡ 1 − M2

W /M2
Z

MW =
A0

sW (1 − ∆r)1/2
MZ =

MW

cW

c2
W = 1 − s2

W , A0 = (πα/
√

2GF )1/2 = 37.2805(2) GeV
∆r → rad. corrections relating α, α(MZ), GF , MW , and MZ

∆r ∼ 1 −
α

α̂(MZ)︸ ︷︷ ︸
0.06654(14)

−
ρt

tan2 θW︸ ︷︷ ︸
artificially large

+ small

ρt ≡
3

8

GF m2
t√

2π2
= 0.00935

(
mt

172.7 GeV

)2
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• Modified minimal subtraction (MS ) scheme

MW =
A0

ŝZ(1 − ∆r̂W )1/2
MZ =

MW

ρ̂1/2ĉZ

∆r̂W ∼ 1 −
α

α̂(MZ)︸ ︷︷ ︸
0.06654(14)

+ small

ρ̂ ∼ 1 +
3

8

GF m2
t√

2π2︸ ︷︷ ︸
ρt∼0.00935

+ small
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• The W decay width

Γ(W +→e+νe) =
GF M3

W

6
√

2π
≈ 226.29 ± 0.16 MeV

Γ(W +→uid̄j) =
CGF M3

W

6
√

2π
|Vij|2 ≈ (706.24 ± 0.49) |Vij|2 MeV

C =

 1, leptons

3︸︷︷︸
color

(
1 + αs(MW )

π
+ 1.409α2

s
π2 − 12.77α3

s
π3

)
, quarks

– Also, QED, mass; g2MW /4
√

2→ GF M3
W absorbs running α

– ΓW ∼ 2.0910 ± 0.0015 GeV (SM)

– Experiment (LEP,CDF, D0): ΓW = 2.138±0.044 GeV; p̄p uses

σ(p̄p→ W→ `ν`)

σ(p̄p→ Z→ `¯̀)
=

σ(p̄p→ W )

σ(p̄p→ Z)︸ ︷︷ ︸
theory

Γ(W→ `ν`)︸ ︷︷ ︸
theory

1

B(Z→ `¯̀)︸ ︷︷ ︸
LEP

1

ΓW
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The Z pole
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The Effective Weak Angle for On-Shell Z

• Zff̄ coupling relevant for on-shell Z

LZff̄ = −
g

2 cos θW

Zµ f̄γµ(ḡV f − ḡAfγ5)f

ḡAf =
√

ρftf
3L −→︸︷︷︸

tree
tf
3L

ḡV f =
√

ρf

(
tf
3L − 2κf s2

W qf

)
−→︸︷︷︸
tree

tf
3L − 2sin2 θW qf

• tf
3L is weak isospin of f (+1

2 for (u, ν); −1
2 for (d, e−)); qf is the

electric charge

• ρf and κf incorporate (f -dependent) electroweak correction (mainly

propagator and vertex)
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• On-shell (f 6= b): ρf ∼ 1 + ρt κf ∼ 1 + ρt

tan2 θW

• MS (f 6= b): ρf→ ρ̂f ∼ 1, κf→ κ̂f ∼ 1, s2
W → ŝ2

Z

(e.g., ρ̂` = 0.9981, κ̂` = 1.0013)

t

W

t

b b

Z

W

t

W

b b

Z

– Typeset by FoilTEX – 1

– ρ̂b, κ̂b have quadratic
mt dependence from vertex

( ρ̂b = 0.9870, κ̂b = 1.0067)

• Effective weak angle: (f -dependent) tree level formula (except ρf)

ḡAf =
√

ρftf
3L ḡV f =

√
ρf

(
tf
3L − 2s̄2

fqf

)
s̄2

f = κfs2
W = κ̂f ŝ2

Z −→ s̄2
` = κ̂`ŝ

2
Z ∼ ŝ2

Z + 0.00029
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The LEP/SLC Era

• Z Pole: e+e− → Z → `+`−, qq̄, νν̄

– LEP (CERN), 2×107 Z′s, unpolarized (ALEPH, DELPHI, L3, OPAL);
SLC (SLAC), 5 × 105, Pe− ∼ 75 % (SLD)

• Z pole observables

– lineshape: MZ, ΓZ, σ

– branching ratios
∗ e+e−, µ+µ−, τ+τ−

∗ qq̄, cc̄, bb̄, ss̄

∗ νν̄ ⇒ Nν = 2.984 ± 0.009 if mν < MZ/2
– asymmetries: FB, polarization, Pτ , mixed

– lepton family universality
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The Z Lineshape

Basic Observables: e+e−→ff̄ (f = e, µ, τ, s, b, c, hadrons) (s =
E2

CM)

σf(s) ∼ σf

sΓ2
Z

(s − M2
Z)2 + s2Γ2

Z

M2
Z

(plus initial state rad. corrections)

MZ and ΓZ: from peak position and width

Peak Cross Section:

σf =
12π

M2
Z

Γ(e+e−)Γ(ff̄)

Γ2
Z

(Z model independent; γ and γ − Z int. removed, (usually) assuming S.M.)
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Figure 1.12: Average over measurements of the hadronic cross-sections (top) and of the muon
forward-backward asymmetry (bottom) by the four experiments, as a function of centre-of-mass
energy. The full line represents the results of model-independent fits to the measurements, as
outlined in Section 1.5. Correcting for QED photonic effects yields the dashed curves, which
define the Z parameters described in the text.
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(LEPEWWG, hep-ex/0509008)
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• The Z width and partial widths

Γ(ff̄) ∼
CfGF M3

Z

6
√

2π
ρ̂︸︷︷︸

only MS

[
|ḡV f |2 + |ḡAf |2

]
(plus fermion mass, QED (2 loop), QCD (3 loop), mixed QED-QCD
(2 loop) corrections; C` = 1, Cq = 3)

ḡAf =
√

ρftf
3L ḡV f =

√
ρf

(
tf
3L − 2s̄2

fqf

)
s̄2

f = κfs2
W = κ̂f ŝ2

Z

• Standard model (mt = 172.7(2.9)(0.6) GeV, MH = 117 GeV)

Γ(ff̄) ∼


300.18 ± 0.14 MeV(uū), 167.21 ± 0.05 MeV(νν̄)
382.97 ± 0.14 MeV(dd̄), 83.99 ± 0.03 MeV(e+e−)
375.95 ∓ 0.10 MeV(bb̄)
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• Conventional (weakly correlated) observables: MZ, ΓZ, σhad, R`, Rb, Rc

σhad ≡
12π

M2
Z

Γ(e+e−)Γ(Z→ hadrons)

Γ2
Z

Rqi
≡

Γ(qiq̄i)

Γ(had)
, qi = (b, c)

R`i
≡

Γ(had)

Γ(`i
¯̀
i)

, `i = (e, µ, τ )

(lepton universality test: Re = Rµ = Rτ→ R`)

• Derived

Γ(inv) = ΓZ − Γ(had) −
∑

i

Γ(`i
¯̀
i) ≡ NνΓ(νν̄)

(counts anything invisible in detector)
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MZ   [MeV]

Mass of the Z Boson
Experiment MZ   [MeV]

ALEPH 91189.3 ± 3.1

DELPHI 91186.3 ± 2.8

L3 91189.4 ± 3.0

OPAL 91185.3 ± 2.9

!2 / dof  =  2.2 / 3

LEP 91187.5 ± 2.1

common error 1.7

91182 91187 91192
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Rl

M
H 

  [
G

eV
]

Ratio of Hadronic to Leptonic Width

Mt = 172.7±2.9 GeV

linearly added to
!S = 0.118±0.003

Experiment Rl = "had / "l

ALEPH 20.729 ± 0.039

DELPHI 20.730 ± 0.060

L3 20.809 ± 0.060

OPAL 20.822 ± 0.044

#2 / dof  =  3.5 / 3

LEP 20.767 ± 0.025

common error 0.007

10

10 2

10 3

20.65 20.75 20.85
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8 40. Plots of cross sections and related quantities

Annihilation Cross Section Near MZ

 

 

Figure 40.8: Combined data from the ALEPH, DELPHI, L3, and OPAL Collaborations for the cross section in e+e− annihilation into
hadronic final states as a function of the center-of-mass energy near the Z pole. The curves show the predictions of the Standard Model with
two, three, and four species of light neutrinos. The asymmetry of the curve is produced by initial-state radiation. Note that the error bars have
been increased by a factor ten for display purposes. References:

ALEPH: R. Barate et al., Eur. Phys. J. C14, 1 (2000).
DELPHI: P. Abreu et al., Eur. Phys. J. C16, 371 (2000).
L3: M. Acciarri et al., Eur. Phys. J. C16, 1 (2000).
OPAL: G. Abbiendi et al., Eur. Phys. J. C19, 587 (2001).
Combination: The Four LEP Collaborations (ALEPH, DELPHI, L3, OPAL)

and the Lineshape Sub-group of the LEP Electroweak Working Group, hep-ph/0101027.
(Courtesy of M. Grünewald and the LEP Electroweak Working Group, 2003)

• Nν = 3+∆Nν = 2.984±0.009

• ∆Nν = 1 for fourth family ν with
mν

<∼ MZ/2

• ∆Nν = 1
2, light ν̃ in super-

symmetry

• ∆Nν = 2, Majoron + scalar
in triplet model of mν with
spontaneous L violation

FNAL (December 8, 2005) Paul Langacker (Penn/FNAL) 111



Without lepton universality Correlations

χ2/dof = 32.6/27 mZ ΓZ σ0
had R0

e R0
µ R0

τ A0, e
FB A0, µ

FB A0, τ
FB

mZ [GeV] 91.1876± 0.0021 1.000
ΓZ [GeV] 2.4952 ± 0.0023 −0.024 1.000
σ0

had [nb] 41.541 ± 0.037 −0.044−0.297 1.000
R0

e 20.804 ± 0.050 0.078−0.011 0.105 1.000
R0

µ 20.785 ± 0.033 0.000 0.008 0.131 0.069 1.000
R0

τ 20.764 ± 0.045 0.002 0.006 0.092 0.046 0.069 1.000
A0, e

FB 0.0145 ± 0.0025 −0.014 0.007 0.001−0.371 0.001 0.003 1.000
A0, µ

FB 0.0169 ± 0.0013 0.046 0.002 0.003 0.020 0.012 0.001−0.024 1.000
A0, τ

FB 0.0188 ± 0.0017 0.035 0.001 0.002 0.013−0.003 0.009−0.020 0.046 1.000

With lepton universality Correlations

χ2/dof = 36.5/31 mZ ΓZ σ0
had R0

" A0, "
FB

mZ [GeV] 91.1875± 0.0021 1.000
ΓZ [GeV] 2.4952 ± 0.0023 −0.023 1.000
σ0

had [nb] 41.540 ± 0.037 −0.045−0.297 1.000
R0

" 20.767 ± 0.025 0.033 0.004 0.183 1.000
A0, "

FB 0.0171 ± 0.0010 0.055 0.003 0.006−0.056 1.000

Table 2.13: Combined results for the Z parameters of the four sets of nine pseudo-observables
from Table 2.4. The errors include all common errors except the parametric uncertainty on mZ

due to the choice of mH.

mass effects. Figure 2.11 shows the corresponding 68% confidence level contours in the R0
"–A

0, "
FB

plane.
Imposing the additional requirement of lepton universality in the nine-parameter combina-

tion leads to the results shown in the second part of Table 2.13.4 Note that R0
" is defined for

massless leptons. The value of χ2/dof of 36.5/31 for the combination of the four sets of nine
pseudo-observables into the five parameters of Table 2.13 corresponds to a χ2 probability of
23%. The central ellipse in Figure 2.11 shows the 68%-CL contour for the combined values of
R0

" and A0, "
FB determined from all three lepton species.

While the errors on most of the pseudo-observables are dominated by independent experi-
mental or statistical errors, the combined errors on mZ and σ0

had have large contributions from a
single, common systematic error. The dominant contribution to the error in mZ arises from the
uncertainty in the calibration of the energy of the beams in LEP, and amounts to ±1.7 MeV.
The uncertainty on σ0

had arising from the theoretical error on the small-angle Bhabha cross-
section amounts to ±0.025 nb, the total contribution of common systematic errors is ±0.028 nb.
The systematic error on ΓZ, ±1.2 MeV, is dominated by the uncertainty of the beam energy.
Common systematics on R0

" amount to ±0.007 and contribute ±0.0003 to A0, "
FB.

4Performing the average at the level of the five-parameter results leads to slightly different values for R0
! due

to weight shifts originating from the common t-channel error on R0
e , which is not treated properly in this case.

75

• Combinations by LEPEWWG, hep-ex/0509008

• Correlations small but essential
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